A study of the seismotectonics of the Ibero-Maghrebian region is presented as deduced from main geological features, seismicity and focal mechanism data. The hypocentral distribution of shallow, intermediate-depth and deep earthquakes is analyzed. The direction of the stress distribution is inferred from the focal mechanism of 24 selected events. A seismotectonic framework summarizing these results together with the main geological features shows that a NW-SE general direction of horizontal compressive stresses is present in the region with a localized zone of horizontal tensions in the Betics and the Alboran Sea. The presence of intermediate-depth and deep earthquakes is tentatively explained as caused by two consecutive processes of subduction.
Introduction
By the name of Ibero-Maghrebian region we denote the area comprising the southern part of the Iberian peninsula and the Maghreb or western part of North Africa. The region extends from the Iberian Massif to the southern limit of the Atlas range and from the Atlantic coast of Portugal and Morocco to Tunisia. The seismicity and seismotectonics of this region have been the subject of a number of studies, among them those of Montessus de Ballore (1894), Inglada (1921) , Rey-Pastor (1927) , Munuera (1963) , Shenkareva (1964) , McKenzie (1972) , Udlas et al. (1976) , Ben-Sari (1978) , Hatzfeld (1978) , Deschamps et al. (1982) , M6zcua and Martlnez Solares (1983) , Udlas and Buforn (1985) , Vidal (1986) , Grimison and Cheng (1986) , Buforn et al. (1988c) the boundary separate oceanic lithosphere while for Gibraltar to Tunisia, the contact involves continental lithosphere on both sides, with an intermediate part of thinned lithosphere of the Alboran Sea and Mediterranean basin. Presence of the Iberian peninsula which has acted in the past independent of the Eurasian plate and the hypothetical Alboran subplate complicates the situation• From about 12°W to the east seismicity is spread out over a wide area suggesting a region of extended deformation. Occurrence of intermediate-depth and deep shocks indicates presence of anomalous structures to great depth• All this indicates the tectonic complexity of the region• In this paper, an overall view is presented of the seismicity and seismotectonics of the region, based on the most important geological features and the most recent results of earthquake distribution and focal mechanisms•
Geological setting and evolution
The area under study corresponds to the western part of the plate boundary between Eurasia and Africa and is geologically very complex (Fig. 1) . The region is formed basically by three types of geological domains, namely: (1) 
Massifs
platforms; (2) Alpine domains; and (3) Tertiary (especially Neogene) basins superposed to the previous domains. There are, also, important areas of oceanic crust or thinned continental crust formed during the Neogene in the Western Mediterranean• Among the first domains, the Iberian Massif forms the foreland of the Betic and Iberic cordilleras and is crossed by some large faults. The Moroccan Meseta and the Algerian Hauts Plateaux are, respectively, the foreland area of the Rif and Tell cordilleras (Durand-Delga and Fontbot6, 1980) . The large African shield limits this region to the south of the Atlas.
The Alpine domains can be divided in intracontinental cordilleras and others that have been formed near the plate boundary. The intracontinental cordilleras are the Atlas and the Iberic cordillera. The Atlas is located on an important system of faults active at least from the Mesozoic till the Quaternary. The Betic, Rif and Tell cordilleras form the Alpine mountain chains in which there have been interplate processes of collision and possibly subduction. The Pyrenees presents an intermediate character, although with limited subduction of the Iberian plate under the European plate.
Some of the Tertiary basins have the character of foreland basins such as the Guadalquivir basin (between the Betics and the Iberian massif) or the basins situated south of the Rif and the Ebro and the Aquitanian basins situated at both sides of the Pyrenees. In the Betico-Rifean region most of the basins present intramontane character, formed and controlled by tectonics, especially by faults displacements. Other basins as the Duero and Tajo, in the Iberian massif, were also formed under tectonic control.
During the Early and the Middle Miocene occurred the formation of new oceanic crust in the western Mediterranean (the Algero-Proven~al basin, continued westward in the thinned continental crust of the Alboran Sea) (Figs. 1 and 8) . It is known that in this time the continental crust of the Alboran Sea thinned, reaching only 15 km in several places (Boloix and Hatzfeld, 1977) ; this extension affected also the Betic and Rif internal zones situated onshore (Garcla-Duefias et al., 1992; Jabaloy et al., 1992) . Simultaneously, important horizontal westward displacements occurred in internal zones of the Betic and Rif cordilleras (Andrieux et al., 1971; DurandDelga and Fontbot6, 1980; Wildi, 1983 . From the geodynamic point of view, the compression between Africa and Iberia had an approximately NNW-SSE direction, during the Late Miocene till the Quaternary, accompanied by an E-W-oriented extension (Ott d'Estevou and Montenat, 1985) . In these times, and especially from the Pliocene to the present, a net uplift of a great part of the Betics and Rif took place. The interpretation of this uplift is not clear, but it seems to be a phenomenon that affects a large region from southern France to the Atlas (Sim6n G6mez, 1989; Sanz de Galdeano and L6pez Garrido, 1991) .
Seismicity
Global plate tectonics postulates that earthquakes in the Ibero-Maghrebian region are associated with the plate boundary between Eurasia and Africa. Earthquakes, however, are not concentrated in a narrow zone, but extend over a wide area from the north coast of Spain and the Pyrenees to the Saharan Atlas. The seismicity of the region for the period 1965-1985 and magnitudes equal or larger than 3.5, taken from the Instituto Geografico Nacional Seismicity Data File, Spain, are shown in Fig. 2 . Seismicity is characterized by a continuous activity of moderate to low magnitude (M < 5) and larger events at longer intervals of time. The latest large events in this area, are the E1-Asnam, Algeria earthquake, of 10 October 1980, M = 7.3 and the earthquake offshore of Cape S. Vicente, Portugal, of 28 February 1969, M = 8. Except for these two shocks and their aftershocks no other earthquakes with magnitudes above 5.5 took place during this period. In the instrumental period earthquakes of such magnitudes (M > 5.5) occurred predominantly in the Gulf of Cadiz and north of Africa. Historical data, however, document the occurrence in the past of large destructive earthquakes in southern Iberia and northern Africa (Buforn et al., 1988c; Meghraoui, 1988) .
The seismicity in the eastern Atlantic Ocean is a continuation of a seismic belt that follows the plate boundary from the Azores triple junction to Gibraltar. Near the Gorringe bank (36°N, 10°W) there is a concentration of earthquakes. This area corresponds to the probable location of the large Lisbon earthquake of 1755. Offshore the coast of Portugal and Spain, there are earthquakes that follow trends present inland (Moreira, 1985; Buforn et al., 1988b) . In the southern part of the region, there is a trend of epicenters extending from Agadir (Morocco) in northwesterly direction to link up with the AzoresGibraltar fracture zone. In North Africa, the main concentration of earthquakes is located along the northern coast line, from Morocco to Tunisia. A second alignment follows the Middle and High Atlas mountains along a system of faults, known as the Agadir-Nekor faults from the Atlantic to the Mediterranean coasts. Finally, a few epicenters are lined up along the southern limit of the Saharan Atlas to the Tunisian coast.
In the Iberian peninsula, earthquakes surround the stable Iberian massif. Larger seismic activity is located in the south, limited by an ENE-WSW-trending line along the Guadalquivir basin. In this area a greater concentration of earthquakes is located south of the C~diz-Alicante system of faults (see Fig. 8 ).
Although it cannot be seen in Fig. 2 , due to the scale, earthquakes in that region can be associated with the systems of faults in NW-SE and NE-SW direction (Buforn et al., 1988c) . Offshore, in the Alboran sea, earthquakes follow the NE-SW trends present inland linking with alignments in northern Morocco.
Most earthquakes in this region are of shallow depth (h < 30 km), however, an important seismic activity is present at intermediate (30 < h < 150 km) and very great (h ~ 650 km) depth. The location of the epicenters with M > 3.5 corresponding to shocks with depth greater than 40 km, and depth errors less than 10 km for the period , is shown in Fig. 3 . Upgraded seismological station networks in the area have made it possible for this period to determine with sufficient accuracy the depths of intermediate-depth earthquakes in the region surrounded by local stations (Buforn et al., 1988b) . Three groups of epicenters of intermediate-depth earthquakes may be separated, one with the greatest concentration and an arc form in N-S direction from Granada, M~laga to the northern coast of Morocco, the second with the same trend to the south along the Atlas range and the third with an E-W trend in the Gulf of C~diz. Depth determinations of the first group are better constrained since the foci are completely surrounded by stations. Those of the third group are less reliable since all stations are at the east side. Cross sections of earthquakes foci from the 
Focal mechanisms
The low number of seismological stations that existed in this region before 1975 made the determination of focal mechanisms very difficult and only those of large magnitude (M > 5.5) have reliable solutions. However, this situation has changed in recent years with the installation of modern seismological networks in some of the countries (M~zcua and . At present, it is possible to calculate with good precision the fault plane solutions of shocks with M > 4 for the whole region and for even smaller magnitudes in certain areas.
In order to study the focal mechanism of earthquakes in this region we have selected only those solutions that are sufficiently well determined. The criterion we have followed is to select only solutions for shocks with M > 5.5 before 1975, and after that year solutions for shocks with M > 4 which are based on a sufficiently large number of reliable observations. With this criterion we have selected fault plane solutions for 24 earthquakes. The epicentral data are presented in Table 1 and the mechanism  solutions with their references in Table 2 . If available, the number of observations, scores and standard errors are also listed. In brackets are given the parameters that were not found in the original references. Earthquakes with M > 5.5 have a large number of observations and their solutions are well determined except for earthquake 4. Those with magnitudes between 4 and 5 have been selected for their number of observations, larger than 20. The solutions from Buforn and Udlas (1991) and Buforn et al. (1988a,b,c) Buforn et al. (1991a,b) are based on only observations with clear impulsive first motions and determined using a numerical method. The takeoff angles have been calculated using a crust and mantle with velocity gradients (Buforn et al., 1988a,b,c) procedure that gives better results than a layered crust of constant crustal velocities.
If we analyze the solutions from west to east and from south to north the following characteristics can be observed. West of Gibraltar, earthquakes 6, 7, 18 and 5 have solutions corresponding to reverse faults with strike in a general E-W direction and horizontal pressure axes in NW-SE to NNW-SSE direction (Fig. 6) . Shocks 5 and 6 have a magnitude above 6 and their mechanisms have been studied by several authors (see references in Buforn et al., 1988a) . Shock 4 has a strike-slip mechanism with right-lateral motion on the nearly E-W-striking plane. This motion is the same as in the mechanisms of large earthquakes in the central section of the AzoresGibraltar fault (Buforn et al., 1988a) . The pressure axis is horizontal with a trend in NW-SE direction consistent with that of the other four shocks.
More to the south, on the Moroccan Atlantic coast, the earthquake of Agadir (3) (M = 6), has a mechanism corresponding to strike-slip fault of right-lateral character on a plane striking NE-SW with some component of reverse character. This solution agree with those of Cherkaoui (1988,1991) . To the east of the Strait of Gibraltar and following the North African coast, shocks 20 and 21 have solutions corresponding to normal faults on planes striking northeast-southwest. This direction agrees with that of earthquakes in southern Iberia. More to the east are located the earthquakes 2, 10 and 11 of E1 Asnam, Algeria (two of these earthquakes, 2 and 10, have magnitudes larger than 6.5). All have similar mechanisms of reverse faulting striking in NE-SW to ENE-WSW direction and with horizontal pressure axes in NW-SE direction. This direction is similar to that found in the solutions of shocks west of Gibraltar. Further east, the earthquake (16) of Constantine, Algeria, M = 6.0, has a strike-slip mechanism. For the NE-SW-striking plane the motion is left-lateral and the pressure axis is approximately oriented in N-S direction.
In the south of the Iberian peninsula and Alboran Sea, most of the mechanisms found for shallow earthquakes correspond to dip-slip motion. Events 13 and 8 have horizontal tension axes in a general E-W to NW-SE direction. Fault plane solutions of event 14 have been recalculated with new data by Rueda et al. (1992) and differ from that of Buforn et al. (1988c) . Shock 12, offshore Alicante, and event 14 near Almerla have mechanisms of reverse faulting on E-W-striking planes and horizontal pressure axes in N-S direction. Another shock with reverse faulting mechanism is 15, but now rotated 90 ° with respect to the general trend of reverse faulting in the whole area. The mechanism of shock 15 is, therefore, anomalous, but it is well defined by the data.
The only shocks with strike-slip mechanisms are 19 and 23. They correspond to right-lateral motion on planes striking about east-west, similar to those on the central section of the Azores-Gibraltar or leftlateral motion on N-S-to NW-SE-striking planes.
Shocks with intermediate-depth foci (40 < h < 100 km), namely 9, 17 and 22, have similar mechanisms with one plane nearly vertical NE-SW striking and with the pressure axes dipping about 45 ° to the northwest. Finally, the two deep earthquakes 1 and 24 (h ~ 650 km) have mechanisms with a vertical N-S-striking plane and the P axes dipping about 45 ° to the east. With the exception of shock 1 of magnitude 7, the rest of the intermediate-depth and deep earthquakes has magnitudes smaller than or equal to 5.
The deduction of stress directions from the mechanisms of earthquakes entails always a certain ambiguity since, as earthquakes happen on preexisting faults, slips may take place at different angles to the principal axis of stress (McKenzie, 1972) . However, a general indication about the regional stress conditions, such as if the predominant horizontal stresses are of compressional or tensional character and their approximate orientation, may be inferred from this type of data. The horizontal components of the pressure and tension axes of shallow earthquakes are shown in Fig. 7 . The most common occurrence is that of nearly horizontal pressure axes in N-S to NW-SE direction (shocks 6, 7, 18, 5, 23, 14, 12, 2, 10, 11 and 16) . This direction of compressional stresses is supported by the solutions of the large earthquakes (M > 6) of Cape San Vicente and the Gulf of C~idiz (5 and 6) and of Algeria (2 and 10). For smaller earthquakes (M < 5) the agreement is not total, since for shocks 15 and 19, P axes are in E-W direction. This lack of uniformity in the stress direction for small earthquakes may be due to the influence of local conditions. Horizontal tension axes have only been found in three cases (8, 20 and 21) in southern Spain and the Alboran Sea. They show an E-W to ESE-WNW direction and are associated with normal faulting mechanisms. Horizontal T axes, trending in NE-SW direction, are associated with strike-slip faults (shocks 4, 19 and 23). Strike-slip mechanisms with both horizontal P and T axes are found only in four cases of the twenty shallow earthquakes studied. In the remainder sixteen cases, solutions correspond to faults with predominant vertical motion of either reverse or normal character. This indicates that horizontal movements are not very frequent in this region. The predominant regional stress condition that may be derived from these data is, therefore, one of horizontal compressional stresses in N-S to NW-SE direction with some localized horizontal tensional stresses in E-W to WNW-ESE direction in the Betics and the Alboran Sea. This situation is mechanically consistent: the Betics and the Alboran Sea are compressed in a N-S to NW-SE direction by the collision movement of Africa and Iberia and extended in an E-W direction.
Seismotectonics
In this region, the contact between the Eurasian and African plates takes place along a wide zone of deformation from the region west of Gibraltar (Azores-Gibraltar fault) to Tunisia including the semi-independent block of the Iberian peninsula, actually attached to the European plate the stable Iberian massif, formed by the Betics and Iberic cordilleras and further by the Pyrenees. In the western part of the Iberian massif there are important faults that converge toward the southern limit of the deformed contact zone, such as the faults of Nazar6, Bajo-Tajo and Plasencia-Alentejo (Vegas, 1975) . In the Betic region there exist also several zones of faulting, which are the cause of a large part of the seismic activity, namely, the N60-70°E, C~diz-Alicante zone of faults, the NW-SE-striking faults in the Granada region, and the NE-SW-striking faults in the eastern part (Sanz de Galdeano, 1983) . The C~idiz-Alicante zone of faults moved as dextral strike-slip faults during the Early and Middle Miocene. Their displacements from the Late Miocene till the present are mainly of vertical character (normal and reverse faults) (Sanz de Galdeano, 1983) . The most important of the NE-SW-striking faults are the Alhama de Murcia, Palomares and Carboneras faults. This set of faults continues in the Alboran Sea (Larouzi~re et al., 1988; Sanz de Galdeano, 1990b) and roughly joins up with the faults of the same direction in North Africa, especially the Agadir-Nekor fault that follows the trend of the Middle and High Atlas from the northern Mediterranean coast of Morocco to Agadir at the Atlantic coast (Jacobshagen, 1992) . To the east, in North Africa, are located the faults along the Tell mountains with predominant NE-SW trend, and further to the south those that mark the limits of the South or Saharan Atlas. The general stress pattern for the whole region is that of horizontal compression in N-S to NW-SE direction. This orientation is derived from the focal mechanisms of earthquakes, especially of large shocks (M > 6) at the Gorringe bank (6), in the Gulf of Cfidiz (5) and Algeria (2 and 10). For small earthquakes (M < 5) there are some discrepancies (shocks 15 and 19) that may be due to the influence of local conditions. This orientation of horizontal P axes has been found to be consistent for large earthquakes from the Azores to Tunisia and is one of the predominant stress orientations in the Eurasia-Africa plate boundary (Udlas and Buforn, 1991) corresponding to the collisional motion of the two plates. Horizontal tension in WNW-ESE to E-W directions is found in the Betics, south of the C~diz-Alicante fault and the Alboran Sea, as derived from the mechanisms of shallow earthquakes (shocks 13, 20 and 21) of moderate magnitude (M < 5). In the Betics, the crust is fractured by a series of faults in E-W, NW-SE and NE-SW directions. As we pointed previously, the E-W-directed horizontal tension in the area, between the Cfidiz-Alicante fault and the faults of the north coast of Africa is compatible with a NNW-SSE-directed compression. The Betics and the Alboran Sea region may be considered as a wedge-shaped crustal block that is compressed in NNW-SSE direction and extends in E-W direction with associated fractures and deformations. This extension is presently accommodated on normal faults with predominant vertical movements.
The situation in depth is difficult to correlate with the surface features. The existence of seismic activity at intermediate depth (40 < h < 150 km) may indicate the presence of a slab of cold and sufficiently brittle rocks extending to that depth. The geometry of this slab is not well defined by the location of the hypocenters (Figs. 3, 4 and 5). The distribution of epicenters (Fig. 3) shows a band in N-S direction from Granada to the coast of Morocco, and a continuation further south to the High Atlas and another in E-W direction from Cfidiz to the Gorringe bank. The first alignment of epicenters has a striking similarity with the trend of the Gibraltar arc. For a simple subduction of crustal material from Africa under Iberia due to a N-S-directed collision, one would expect only an E-W trend. A N-S trend can only be explained by sinking of material under compressional forces pushing either from the east or from the west, which is not the case in the actual stress conditions of the region. The mechanisms for the intermediate-depth earthquakes show pressure axes dipping about 45 ° to the west and northwest (Buforn et al., 1991b) . The N-S trend of the epicenters and their depth distribution (Figs. 4 and 5) could be explained by the formation of a slab of material under compressive forces pushing from the east and southeast on a front with roughly N-S trend that have forced a crustal segment of the Alboran domain to sink into the upper mantle. The combination of the compression in the zone of contact between Africa and Iberia and a certain westward displacement of the Alboran domain, as happened during the Early and Middle Miocene, may have forced the sinking of part of the crust. If the convergence motion of the plates is assumed to be about 1 cm/yr, to reach a depth of 150 km, approximately 15 million years are needed. The sinking or subduction process would have had to start at the latest in early Tortonian times in the Late Miocene (11-12 m.y. ago). At this time, westward motion of the Betics is supposed to have already been completed and the NNW-SSE-directed compressional motion between Iberia and Africa had restarted in the Alboran domain (Sanz de Galdeano, 1990a) . For this reason, the subduction process must have begun before, so that it can be linked to the pushing of the material of the Betics to the west. Lithospheric material could, thus, have been forced downward by this westward motion. The extension to the south of the intermediate-depth earthquakes is more difficult to explain. The E-W trend of intermediate-depth foci from C~diz to the Gorringe bank can be more easily linked to the N-S-directed collision motion of Africa against Iberia. The oceanic lithosphere would under these circumstances be forced under the continental lithosphere causing earthquakes of intermediate depth. This motion is consistent with the mechanisms of shocks 5, 6 and 7 (Fig.  6) with underthrusting of Africa. However, it must be noted that the depth of these earthquakes is not well constrained, since all recording stations are to the east.
Even more problematic is the explanation of the occurrence of deep-focus earthquakes (h ---640 kin) observed in this region. The absence of earthquakes between 150 and 650 km and the difference in mechanism with pressure axes dipping to the east, while in intermediate-depth earthquakes they dip to the west and northwest, indicate a different origin (Buforn et al., 1991a) . Some authors (Udlas et al., 1976; Chung and Kanamori, 1976; Grimison and Cheng, 1986) have suggested a sunken block of lithosphere of small dimensions. However, recent tomographic studies (Blanco and Spakman, 1993) show that there is a large anomalous body in the depth range from 200 to 700 km, with high velocities, which resembles a broken-off subducted slab. The absence of geological surface evidences of this subduction may be explained by its existence before the present formation of the contact between the Internal and External zones of Betic and Rif cordilleras, which happened mainly during the Burdigalian (Early Miocene) and partially during the middle Miocene. This process of subduction, perhaps, could be connected with the African lithospheric subduction happened in the Late Oligocene Rehault et al., 1984) . The subducted slab has subsequently been detached from the surface and sunk to its present depth. In the subducted material only a very small region (maybe of the order of 30 km in diameter) at 640 km depth has retained, at present, sufficient strength to produce earthquakes. Subsequently, as we interpret it, a second subduction zone formed, that extends now to a depth of 150 km. This second subduction zone corresponds to the western front of the Alboran domain, that in its central parts suffered an important extension.
The existence of intermediate-depth and deep-loci earthquakes establishes some constraints on several theories proposed for the formation of the Alboran Sea, Betic and Rif cordilleras. In particular, it seems to rule out the theories that assumed as the only cause an asthenospheric diapir at the base of the lithosphere (Weijermars, 1985 (Weijermars, ,1987 or purely extensional tectonics with an uprising motion of the asthenosphere (Doblas and Oyarzun, 1989; and partially Platt and Vissers, 1989) . This would imply anomalous high temperatures at shallow depths of the mantle that are not compatible with the presence of intermediate-depth earthquakes. On the other hand, the explanation proposed for the origin of intermediate-depth earthquakes by Sanz de Galdeano and L6pez Casado (1990) , relating them to fractures extending all the way down to the upper mantle, presents the difficulty to explain how fracture can continue through the lower crust into the upper mantle. Hatzfeld and Frogneux (1981) agree with the association of intermediate-depth earthquakes in the Gulf of C~diz and the western Alboran Sea with the subduction of oceanic lithosphere but not so for those beneath the High Atlas. In order to explain the intermediate-depth foci in the Alboran Sea and Gulf of C~idiz, we strongly believe that some kind of subduction process is necessary that has moved cold and sufficiently brittle material from the surface to depths of about 150 km. For the very deep foci a detached block of lithosphere sunken to a depth of about 640 km is still the only explanation, although it poses many unexplained questions about its origin.
Conclusions
In conclusion, the contact zone between the Eurasian and African plates from the Gorringe bank to Tunisia (the Ibero-Maghrebian region) is formed by a wide area of deformations and fractures limited to the south by the Saharan Atlas range and to the north by the Betic and Iberic cordilleras and further north by the Pyrenees, associated with additional complications by the semi-independent behaviour of the stable Iberian block. The region is presently subjected to a general pattern of horizontal compressional stresses in N-S to NW-SE direction. In the internal zones of the Betics and the Alboran basin, horizontal tensional stresses in E-W direction are present. Several fault systems are seismically active in the Betics, as well in the Alboran Sea, the northern coastal areas of Morocco, Algeria and Tunisia and along the Middle and High Atlas. An anomalous seismic activity at intermediate and very great depths suggests two different episodes of some kind of subduction process.
